In this study, a high-performance liquid chromatograph and an electrospray ionization (ESI) triple quadrupole mass spectrometry (TQ MS) detector were used to scan Oriental Beauty tea of different grades and prices. Principle component analysis (PCA) of the profiling data was performed for pattern recognition, clearly showing that the proposed MS profiling method was able to classify Oriental Beauty tea into different grades. The component mass ions primarily responsible for the separation were selected with high loading strength in the PCA for subsequent identification with tandem mass (MS/MS). Caffeine, citrate and salicylate were verified, whereas certain other compounds remained ambiguous. Regression analysis considering caffeine, citrate and salicylate showed a linear relationship between the prices of the Oriental Beauty tea with an adjusted R2 of 0.84. If all the selected marker ions (in addition to caffeine, citrate and salicylate) could have been identified and incorporated into regression analysis, a stronger relationship could have been confirmed. These results suggest that metabolomics can facilitate the determination of real markers in the quality control of Oriental Beauty tea, and may lead to the further application of metabolomics in other food quality controls.
Introduction
Metabolomics has become a promising research discipline that is synergistic with genomics and proteomics in system biology. This technique can be used to study a living organism following the perturbation of diseases, chemicals, or gene defects [1] . This discipline involves the metabolic profiling of biological fluids or tissues followed by mathematical calculations for pattern recognition, highlighting the subtle and gross differences among samples [2] . Consequently, metabolomics not only serves as a platform to measure holistic changes in a living organism, but can also be used to identify the compounds responsible for metabolic changes. Therefore, metabolomics has been extensively applied in pharmaceutical studies for toxicity evaluation and drug development [3] - [5] , biological studies for deciphering diverse phenotypes resulting from the various genetic or environmental origins of plants [6] - [8] and microorganisms [9] - [12] . In addition, foods can be viewed as complex chemical mixtures consisting of various metabolites and chemical additives [13] . The metabolomic techniques used in biological studies are also pertinent to the study of foods to characterize vegetable oils based on their polar components [14] or amino acid profiles [15] , identify the biochemical effects of dietary components [16] [ 17] , and ensure the quality and safety of foods during processing and storage [18] [19] .
Metabolomics includes the use of high-field proton nuclear magnetic resonance (NMR) or mass spectrometry (MS) techniques for the detection and identification of metabolites. Both of the techniques are effective and achieve a high throughput in profiling for pattern recognition. Time-of-flight (TOF) MS has been widely used because of its high sensitivity and resolution [18] [20]- [24] . The exact mass data of the metabolites obtained from TOF MS can be annotated by consulting several open databases (e.g., the Chemistry WebBook of the National Institute of Standards and Technology (NIST) and Kyoto Encyclopedia of Genes and Genomes (KEGG)) [25] . Further structural analysis with triple quadrupole (TQ) MS may be performed to determine the chemical identities of the metabolites. Therefore, a metabolomic study may need TOF MS for pattern recognition and component annotation followed by TQ MS for component identification. However, relatively few laboratories own both instruments, and most laboratories possess only the less expensive TQ MS for the targeted identification of food components. The authors hope that the TQ MS approach can be applied to non-targeted studies involving all facets of the food metabolomics generally performed with more advanced TOF MS.
Chen et al. [26] showed that TQ MS alone is good enough to some extend in both pattern recognition and component identification in a metabolomic study of the high-fat dietary effects of altering rat urine metabolites. In this study, we performed metabolomics using only TQ MS to find the chemical markers of Oriental Beauty tea in the hope that these markers can be used to determine the quality of the tea. Oriental Beauty tea is a local specialty of Hsinchu, Taiwan. The tea leaves have white edges, a strong fruity aroma, and a sweet taste that results from the oxidation of leaves after being bitten by a common pest, the tea green leafhopper (Jacobiasca formosana) [27] . Commercial Oriental Beauty tea is sold in different grades and prices based on subjective producer perceptions of its physical and sensory properties. Therefore, chemical markers from metabolomics can serve as unbiased and complementary factors for judging quality.
Materials and Methods

Materials
Three commercial grades of Oriental Beauty tea (T100, T300, and T750), sold at the prices around 100, 300 and 750 US$/kg, respectively, were purchased from a local farm in Hsinchu County, Taiwan. The teas were all manufactured from tea leaves harvested in the summer of 2012. Formic acid was purchased from Riedel-de Haen (Seelze, Germany) and acetonitrile (HPLC grade) was purchased from Tedia (Fairfield, OH, USA). Caffeine was purchased from US Pharmacopeia (Rockville, MD, USA) and citrate monohydrate was purchased from Merck (Darmstadt, Germany).
Tea Preparation
Tea was prepared by brewing 4 g of tea leaf in 250 mL of water at 90˚C for 5 min. The tea samples were collected and stored at −20˚C until LC/MS analysis was performed. The frozen tea samples were allowed to thaw at room temperature and filtered through a 0.22 µm PVDF membrane before analysis.
MS Analysis
The experiments in this study were conducted with an LC-MS/MS system including a Waters 600E multi-solvent delivery pump, a Waters 2487 UV/VIS detector (Milford, MA, USA), and a Quattro LC MS/MS detector (Wythenshawe, UK) with an electrospray ionization (ESI) probe. The capillary voltage was 3 kV. The desolvation temperature was 300˚C, and the extraction cone voltage was 20 V. Samples were resolved in gradient by a Luna 150 × 2, 3 µ, C18(2), 100 Å column (Phenomenex, Torrance, CA, USA) before MS/MS detection for total ion scanning or product ion scanning. The total ions were scanned from 100 to 1000 m/z with a scan time of 1800 ms and an interscan delay of 100 ms. This resolving power provided an appropriate unit-mass resolution across the entire scanning range [2] . The product ions at each m/z value of interest were scanned at various collision energy settings to obtain better results for chemical structure elucidation. The sample size was 10 μL, and the flow rate was 0.2 mL/min. Both Solvent A (H 2 O) and Solvent B (acetonitrile) contained 0.1% (v/v) formic acid. The gradient was programmed as follows: 5% B for 1 min, linear increase from 5% to 95% B in 9 min, 95% B for 5 min, linear decrease to 5% B in 5 min, and elution for 30 min before analysis.
Data Analysis
The method of Plumb et al. [2] for data arrangement was adopted. The mass spectra were combined for each base peak intensity (BPI) chromatogram of total ion scanning. The peak list and ion abundances were then exported to an Excel (Microsoft, Seattle, WA, USA) file and aligned in order, with zeros inserted as intensity values where no ion signal was observed. Each line of data had one intensity value for each m/z integer between 100 and 1000. The data sets were then transferred to STATISTICA software (StatSoft, Inc., Tulsa, OK, USA) for principle component analysis (PCA) using a factor analysis module.
Results and Discussion
LC-MS
Positive and negative ion scanning was performed. Regardless of the grade of tea, all samples showed positive and negative total ion chromatograms similar to those shown in Figure 1 (a) and Figure 1(b) , respectively. Positive ions produced a substantially higher scanning response than negative ions, and therefore, provided more information for interpretation. However, the results of negative ion scanning provided complementary information in addition to the results of positive ion scanning. The total ion chromatograms were transformed to base peak chromatograms and the spectra of both positive and negative scans were summated to obtain the intensity for each m/z value from 100 to 1000 (Figure 2 and Figure 3) . The positive ion spectra showed the highest response ions at m/z 214, 195, and 173 among others, and the negative ion spectra showed 137 and 113 among others. However, no explicit differences appeared among the samples of different tea grades. Statistics analysis of all the detected ions was then performed to determine the differences among the tea samples.
Principle Component Analysis
The principle component analysis (PCA) in this study was performed using the entire data set of response intensities. The m/z values clearly show a variation among tea samples. The samples of each tea grade produced consistent results, as evidenced by the confined space on the score plot (Figure 4(a), Figure 4(b) ). The score plot of positive ions (Figure 4(a) ) shows 3 well-separated data clusters. These results indicate that the chemical qualities of the 3 tea samples can be easily differentiated by monitoring the m/z 100-1000 chemical constituents. Conversely, the results of negative ions (Figure 4(b) ) did not show data groups separated as far as the positive ion data groups. Although the data of each tea grade was also clustered within a confined space on the score plot, only the T100 cluster was far from the T300 and T750 clusters. The T300 and T750 data clusters tangled together, indicating that the characteristics of these 2 grades of tea may not be easy to differentiate. Therefore, positive ion scanning is a better choice for analyzing the quality of Oriental Beauty tea if PCA score differences are the only data available. However, the chemical constituents resulted in the PCA score differences are the most noteworthy results. Both positive and negative ion scanning contributed equally, and the loading strength of each ion toward score differences were esteemed. Loading plots (Figure 5) showed the mass ions responsible for the mapping of tea samples to different regions on the score plots. 214, and 215 showed a greater loading strength than other ions in the loading plot (Figure 5(a) ), with the highest of m/z 195 appearing along the Component 1 axis. Two negative ions of m/z 137 and 191 had greater loading strengths (Figure 5(b) ) along the axes of Components 1 and 2, respectively. These 7 ions represented the most influential chemical constituents for determining the quality of Oriental Beauty tea. They can be used as markers for the quality control of Oriental Beauty tea after their chemical structures were resolved. 
Tandem Mass (MS/MS) Analysis
Before the MS/MS analysis of the ion with a specific m/z value to decipher its chemical structure, prediction is always performed by consulting online databases such as KEGG, METLIN, or the NIST Chemistry WebBook [25] . Previous metabolomic studies have usually relied on TOF mass spectrometers to provide a mass accuracy of an interested metabolite to the third decimal place. This accuracy helps in the database searching process by reducing the number of possible hits for an interested m/z value. Unfortunately, only the lower precision of TQ MS was available for this study, requiring elaborate database searching with reasonable guesses and a measure of luck. For example, the molecular weight of 194 was used to search for a possible chemical species with a positive m/z 195 ion in the NIST Chemistry WebBook. Thousands of hits were found without any search re-strictions. Because the samples were natural products, we confined the chemical search to elements selected from C, H, O, N, or S, which reduced the number of hits and enabled easier judgment. Fifty-three species were found in the chemical formula containing only C, H, O, and N, and caffeine was considered the best prospect because this study involved teas. MS/MS analyses were then performed for the positive m/z 195 ion in all tea samples and the caffeine standard. The HPLC retention time and product ion profile verified that the positive m/z 195 ion in samples was caffeine (Figure 6 ). Similar procedures were performed to identify the remaining 6 ions. The positive m/z 196 ion was speculated to be an isotope of the m/z 195 ion because it exhibited the same HPLC retention time and relative abundance. The MS/MS analysis of the positive m/z 196 ion showed a similar product ion profile and relative abundance to those of the positive m/z 195 ion, providing strong evidence that these m/z 195 and 196 ions are isotopes. The positive m/z 214 and 215 ions were also speculated to be isotopes. A NIST database search also produced many hits. However, these m/z 214 and 215 ions were low in abundance, and MS/MS analyses did not provide explicit product ion fragments for chemical identification. The isotope frequency encountered in this study is likely the result of using a TQ MS detector for mass scanning because its sensitivity is not as high as that of a TOF MS detector. The positive m/z 173 ion was also low in abundance. Its chemical identity was not as easy to identify without proper enrichment before MS/MS analysis. The negative m/z 137 and 191 ions were also identified as salicylate and citrate, respectively, based on database consultation and MS/MS chromatographic reference from standard chemicals (data not shown). Caffeine and citrate are both crucial plant components in many metabolic processes. Both compounds were recorded in the KEGG Pathway of map01060 (biosynthesis of plant secondary metabolites) and map01065 (biosynthesis of alkaloids derived from histidine and purine). Salicylate, on the other hand, is an important phenolic phytohormone mediating in plant defense against pathogens [28] .
The concentrations of caffeine, citrate and salicylate in the tea samples were further determined with HPLC-MS/MS. The mass reaction monitoring of 195 > 110 in the positive mode was used for caffeine, whereas 191 > 85 and 137 > 93 in the negative mode were used for citrate and salicylate, respectively. The results of this study show that the tea T100 and T300 samples had equal amounts (p > 0.05) of caffeine (above 1000 µM) ( Table 1 ). The T750 samples had a significantly (p ≤ 0.05) lower caffeine content than other samples. On the other hand, the citrate concentration of the T100 samples was significantly higher than those of the other 2 samples, which were equally low at approximately 50 µM. T300 had the significantly (p ≤ 0.05) highest salicylate content at 18.1 µM than the other two tea samples, which had salicylate contents at around 13 µM. Multiple regression analysis was then performed using the price of tea as the dependent variable, although price does not necessarily represent tea quality, and the identified plant chemicals as the independent variables. The linear price contour plane generated with caffeine and citrate as the only independent variables showed an adjusted R 2 value of 0.56 (data not shown), which means that caffeine and citrate together had a 56% possibility of determining the price (quality) of Oriental Beauty tea. Better yet, if caffeine, citrate and salicylate were to be used together to judge the price of Oriental Beauty tea, an adjusted R 2 value of 0.84 was obtained. A greater adjusted R 2 value is usually obtained when more independent variables are used in the multiple regression analysis, and especially those with a high loading strength from PCA, which contribute substantially. Unfortunately, not all chemical identities of the ions with high loading strength in the PCA study were identified, and could therefore not be incorporated with caffeine and citrate to improve tea quality determination. This study may be criticized for being unlike typical metabolomic studies which have used a TOF MS detector for metabolic profiling to facilitate the annotation of MS ions. However, the annotated ions could not be verified until they were enriched before MS/MS analysis with a TQ MS detector. The real bottleneck lies in a lack of interested ion enrichment, a technology that requires complex instruments and is not usually performed in metabolomics. This study shows that using a single affordable TQ MS detector for both metabolic profiling and component identification may require laborious works in annotation. However, this technique demonstrates here to achieve a good result, making this a low-budget alternative for metabolomic study.
Conclusion
Mass spectrometry is becoming more popular than nuclear magnetic resonance (NMR) in metabolomics because of its accuracy and data acquisition rate. A TOF MS detector is the preferred detector in metabolic profiling because its mass accuracy facilitates the follow-up provisional annotation of various components based on database consultation. However, component identification cannot be completed without a validated, compound-specific method [29] such as MS/MS analysis for structural elucidation by TQ MS detector. Therefore, MS-based metabolomics research typically involves a TOF MS detector and a TQ MS detector. We have demonstrated a successful metabolomic study based on a single TQ MS detector for both metabolic profiling and component identification. Although this method may require more laborious annotation than the TOF MS technique, a single detector can be used throughout the metabolomic study, rendering this approach more affordable and useful for low-budget laboratories. In the study of Oriental Beauty tea, we used metabolomics to distinguish caffeine, citrate, salicylate and certain other unidentified components as important markers of tea quality. The contents of caffeine, citrate and salicylate varied among different grades of Oriental Beauty tea. But together, they had a fairly good linear regressional relationship to the price of tea with an adjusted R 2 value of 0.84. Incorporating more markers in the analysis should improve the relevance toward the price, rendering the model more feasible for quality control.
